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Abstract Manganese oxides in association with paleo- 
weathering may provide significant insights into the multiple 
factors affecting the formation and evolution of weathering 
profiles, such as temperature, precipitation, and biodiversity. 
Laser probe step-heating analysis of supergene hollandite 
and cryptomelane samples collected from central Queen-
sland, Australia, yield well-defined plateaus and consistent 
isochron ages, confirming the feasibility dating very-fined 
supergene manganese oxides by 
40
Ar/
39
Ar technique. Two 
distinct structural sites hosting Ar isotopes can be identified 
in light of their degassing behaviors obtained by incremental 
heating analyses. The first site, releasing its gas fraction at 
the laser power 0.2ü0.4 W, yields primarily 40Aratm, 38Aratm,
and
36
Aratm (atmospheric Ar isotopes). The second sites yield 
predominantly
40
Ar* (radiogenic 
40
Ar), 
39
ArK, and 
38
ArK
(nucleogenic components), at ~0.5ü1.0 W. There is no sig-
nificant Ar gas released at the laser power higher than 1.0 W, 
indicating the breakdown of the tunnel sites hosting the ra-
diogenic and nucleogenic components. The excellent match 
between the degassing behaviors of 
40
Ar*,
39
ArK, and 
38
ArK
suggests that these isotopes occupy the same crystallographic 
sites and that 
39
ArK loss from the tunnel site by recoil during 
neutron irradiation and/or bake-out procedure preceding 
isotopic analysis does not occur. Present investigation sup-
ports that neither the overwhelming atmospheric 
40
Ar nor 
the very-fined nature of the supergene manganese oxides 
poses problems in extracting meaningful weathering geo-
chronological information by analyzing supergene manga-
nese oxides minerals. 
Keywords: hollandite, cryptomelane, 
40
Ar/
39
Ar laser incremental 
heating, argon degassing, tunnel site. 
 Chemical weathering in the Earth planet has played 
significant roles in the formation and evolution of land-
scapes and supergene enrichments of ore deposits. How-
ever, chronology of weathering profiles has long been 
established on identification of stratigraphic relationships 
of weathering profiles to the underlying and/or overlying 
units whose geological ages are well constrained, and 
more recently, on some geochronological approaches such 
as paleomagnetic and stable isotopic dating methods
[1,2]
.
Nevertheless, the young ages of many weathering crusts 
are beyond the useful limits of the techniques above. 
Other techniques either are inapplicable because of the 
lack of datable minerals contained in weathering profiles 
or unreliable because they require assumptions about ele-
ment immobility after incorporation into the weathering 
crusts
[3]
. Thus, direct and precise dating of weathering 
profiles is necessary and imperative to help unravel the 
complex history of continental weathering. Modern laser 
incremental heating 
40
Ar/
39
Ar method has been success-
fully applied to the study of very small grains from vari-
ous geological environments
[4,5]
. The fine resolution pos-
sible with this method makes it uniquely suited to the 
study of the distribution of distinct Ar isotopes within the 
analyzed minerals
[6,7]
.
 Manganese oxides are ubiquitous in weathering pro-
files, and may potentially be dated by K-Ar and 
40
Ar/
39
Ar 
methods
[5,8,9]
. The hollandite-group minerals, the most 
common manganese oxides in manganiferous crusts, have 
the general formula A1ü2BB8O16gxH2O. The A site can be 
occupied by large cations such as K , Ba , Na , Cu , Pb ,
Rb , Sr , etc., whereas the B site hosts Mn , Mn , Fe
Al , Si , Co , and Mg . The identity of the A-cation 
determines the mineral species, with hollandite and cryp-
tomelane as the Ba and K end-members, respectively .
B-cations (commonly Mn ) octahedrally share edges .
Vertice-sharing double chains form large channels (tunnel 
sites) partially filled by H
+ 2+ + + 2+
2+ 2+ 3+ 4+ 3+,
3+ 4+ 2+ 2+
[10]
4+ [11]
2O and A-cations in eightfold 
coordination with oxygen atoms from the double chains .
The large spaces within the tunnels sites can accommo-
date large Ar (0.196 nm radius) atoms derived from the 
radioactive decay of K and may also host atmospheric 
argon either as trapped air component or as Ar dissolved 
in tunnel H
[11]
2O. The tunnel sites may also potentially host 
other dissolved constituents from paleoweatehring solu-
tions (e.g. Cl  ions). 

 The pioneering work performed by Vasconcelos
[6]
demonstrates that the hollandite-group manganese miner-
als are amenable to 
40
Ar/
39
Ar isotopic dating. He em-
ployed the laser probe 
40
Ar/
39
Ar technique to successfully 
date cryptomelane from deeply weathered pegmatites in 
southeast Brazil. Subsequent efforts have added substan-
tial weight of evidence in support of the promising hol-
landite-group Mn-oxides as a datable phase by 
40
Ar/
39
Ar 
method
[12ü17]
. However, the greatest challenges in pre-
cisely dating manganese oxides lie in the very-fined habit 
of supergene Mn-oxides and associated 
39
Ar recoil during 
neutron irradiation and bake-out procedure; the possible 
loss of K/Ar from the Mn-oxide structures due to diffu-
sion or exchange with ground waters; and the contamina-
tion of supergene minerals by hypogene phases and the 
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Rresultant incorporation of excess 
40
Ar into the structures of 
supergene minerals. 
 This study presents results of 
40
Ar/
39
Ar analysis of 
hollandite and cryptomelane samples collected from 
Queensland, Australia. The laser step-heating analyses 
confirm that both samples were stable and Ar-retentive 
during neutron irradiation and bake-out procedure pre-
ceding mass spectrometric analysis. The analyses also 
permit us to identify the respective contributions of argon 
fractions from different reservoirs (adsorbed gas, inter-
crystalline space, intracrystalline sites, etc.) in cryptome-
lane and hollandite (fig. 1). The distinct thermal behavior 
of these reservoirs allows us to measure each isotope 
group separately, helping to define the laser power level 
where most radiogenic and nucleogeneic components are 
released, and meaningful geochronological information on 
paleoweathering can be retrieved. 
Fig. 1.  Diagramatic illustration of the hollandite-group structures, 
showing the tunnel site occupied by the large K
+
, Ar molecular, and 
tunnel H2O. Other large cations such as Ba and Pb are not shown. The 
intercrystalline sites occupied by Ar and H2O are also shown (modified 
from Burns and Burns
[10]
).
2  Samples and analytical techniques 
 This study investigates two distinct Mn-oxide sam-
ples, Tabor99-07 and Tabor99-15, collected from weath-
ering profile in central Queensland, Australia. Polished 
thin sections of each sample were studied by combined 
transmitted- and reflected-light microscopy to determine 
the mineralogy and paragenesis of the datable phases, and 
to identify the possible contamination by primary minerals 
(silicates, quartz, etc.). After petrographic examination, 
suitable parts of the samples were crushed, washed in dis-
tilled water in an ultrasonic bath for at least one hour, and 
dried. For each sample, 20ü50 grains and clusters of 
visually pure Mn oxides ranging from 0.5 mm to 2 mm in 
diameter were handpicked under a binocular microscope. 
Three to five grains from each sample were mounted in an 
epoxy container and polished for scanning electron mi-
croscopy (SEM) and electron microprobe (EMP) analysis. 
The mounted grains were carbon coated and investigated 
with a JEOL JXA 8800L Superprobe at the Center for 
Microscopy and Microanalysis at the University of 
Queensland. Standards and unknowns were analyzed with 
0.5 Pm beam diameter at 15 kV and 15 nA current. On the 
basis of EMP and SEM investigations, ten to twenty 
monominerallic and relatively K-rich grains from each 
sample were loaded into irradiation disks along with the 
Fish Canyon standards (nominal age of 28.02 Ma)
[18]
. The 
disks were wrapped in Al-foil, vacuum-sealed in silica 
glass tubes and irradiated for 14 h at the B-1 CLICIT fa-
cility at the Radiation Centre, Oregon State University, 
USA. Sample and flux monitor irradiation geometry fol-
lowed those of Vasconcelos
[12]
. After a two-month cooling 
period, the samples were analyzed by the laser incre-
mental-heating
40
Ar/
39
Ar method employing a MAP215 
noble gas mass spectrometer hosting at the UQ-AGES 
(University of Queensland Argon Geochronology in Earth 
Sciences) laboratory, following procedures detailed by 
Vasconcelos
[12]
. For each sample, three grains (Tabor99- 
07/01&02&03 and Tabor99-15/01&02&03) were isotopi-
cally analyzed to test the reproducibility of chronological 
results. 
3  Results 
 Petrographic and SEM observations reveal that the 
manganese oxides are visually pure, porous, characterized 
by the conspicuous botryoidal texture composed of acic-
ular cryptomelane and hollandite (fig. 2), indicating a pre-
Fig. 2.  Photomicrographs showing the botryoidal texture of the man-
ganese oxides investigated (a) and the acicular crypotmelane (b). Note 
the very fined and porous habits of the oxides. Field of view in (a) is 
approximately 1.5 mm. 
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cipitation mode of cavities filling and reflecting high de-
gree of crystallinity. These results, in combination with 
subsequent EMP analysis, suggest that Tabor99-07 con-
sists of hollandite, whereas cryptomelane dominates in the 
Tabor99-15 sample. Fig. 3 illustrates the results obtained 
by EMP analyses. The hollandite sample is characterized 
by relatively high Ba concentration and relatively low K 
contents, whereas crypotmelane sample owns high K 
concentration and is also rich in Ba (fig. 3(a), (c)). The 
totals of EMP analysis are generally between 94% and 
99%, mostly resulting from the micro-porous nature of the 
Mn-oxides (fig. 2(b)). The EMP analysis also reveals ex-
istence of H2O present in the cryptomelane and hollandite 
samples, ranging from 1.2% to 3.4% and potentially con-
taining dissolved atmospheric Ar. The Mn contents of the 
samples analyzed are generally 24%ü45% and 40%ü
50%, respectively (fig. 3(b), (d)). Variation of Mn 
concentration largely stems from the different contents of 
trace elements present within the B site of the Mn-oxides, 
including Co, Al, Si, etc. The inverse correlations between 
Mn and Fe+Si+Al contents (fig. 3(b), (d)) suggest compe-
tition between Mn and these elements for the B site. Re-
flected-light microscopy, SEM, and EMP analysis consis-
tently indicate that the samples are K-rich, monomineral-
lic, and well crystallized, and thus suitable for 
40
Ar/
39
Ar 
analysis.
 The analytical results of argon isotopes are tabulated 
in table 1. Fig. 4 illustrates step-heating spectra, isotope 
correlation diagrams, and ideogram for each grain. An 
ideogram is the probability density plot of a set of dates, 
and an ideogram age means the most probable age in-
ferred from a series analyses. These figures permit the 
identification of the major weathering ages and the quick 
evaluation on the quality of the analyses.  
 The well-defined plateaus, where six or more con-
tiguous steps containing more than 80% of the total 
amount of 
39
ArK released, yield chronological results re-
producible at the 95% confidence level (2V) (fig. 4(a)ü
(f)). The shapes of the step-heating spectra, however, in-
dicate very large uncertainties in the initial steps of analy-
sis, and this will be discussed below. Calculated integrated 
ages and isochron ages for six grains from these two sam-
ples show very good agreement with the corresponding 
plateau ages (fig. 4(a)ü(h)), though the integrated ages 
have relatively large errors. The excellent concordance 
between the plateau, integrated, and isochron ages is in-
dicative of the point that neither K nor Ar has lost during 
the sample history, attesting the reliability of the present 
40
Ar/
39
Ar results. The corresponding intercepts (
40
Ar/
36
Ar) 
are around 295ü296 (fig. 4(g)ü(h)), in good agreement 
with the present-day atmospheric value, and indicating no 
excess argon incorporated in the samples dated. 
 Due to the similarity of argon gas release behavior 
among different grains, subsequent discussions will be 
focused on a representative grain from each sample (Ta-
bor99-07/01 and Tabor99-15/02, respectively). The Ar 
release history of representative grain of the hollandite 
(Tabor99-07/01 and cryptomelane (Tabor99-15/02) sam-
ples are shown in figs. 5 and 6. The degassing history of 
both samples shows remarkable similarity, although small 
discrepancy is noticeable. During step-heating, a majority 
of atmospheric 
40
Ar (
40
Aratm) is released at a narrow range 
of low laser power (0.20ü0.40 W). There is 25%ü35% 
of 
40
Aratm released upon heated (i.e. the first heating step 
Fig. 3.  Elemental correlations from electron microprobe analysis. 
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Fig. 6.  Degassing curves of 
40
Ar*,
39
ArK, and 
38
ArK showing the com-
patibility of these radiogenic and nucleogenic isotopes. 
at 0.20 W), and there is a striking increase in the release of 
this isotope before the laser power (P) reached 0.4 W (fig. 
5(a), (d)). Very little gas was obtained at the heating steps 
while the laser power is higher than 0.4 W. 
 The degassing pattern of the radiogenic 
40
Ar (
40
Ar*) 
is very distinct from that of the 
40
Aratm, beginning to re-
lease slowly from the sample at P = 0.3 W. However, 
~18% 
40
Ar* was released from the sample Tabor99-07/01 
upon heating, presumably caused by its low crystallinity 
relative to the sample Tabor99-05/02, as observed by 
SEM study. At approximate 0.4 W, there is a marked in-
crease in 
40
Ar* release, and more than 99% and 90% 
40
Ar* were degassed in the subsequent three steps where 
the laser power reached 0.84 and 0. 90 W for the two 
samples, respectively (fig. 5(a), (d)), indicating that the 
sites hosting 
40
Ar* become open to Ar degassing. The 
39
ArK degassing behavior is extremely similar to the de-
gassing history of 
40
Ar* (fig. 5(a),(d), fig. 6(a)ü(b)), in-
dicating that the two isotopes occupy the same or equiva-
lent mineral sites. 
 The isotope 
38
Ar consists of three distinct compo-
nents, i.e. 
38
Aratm,
38
ArK, and 
38
ArCl.
38
Aratm is estimated 
assuming a 
40
Aratm/
38
Aratm ratio of 1575.9
[5]
.
38
ArK (nu-
cleogenic 
38
Ar generated by reaction on K during neutron 
irradiation) is calculated using a correction factor 
(
39
ArK/
38
ArK = 0.01077) for the generation of 
38
Ar in the 
reactor. 
38
ArCl (neucleogenic 
38
Ar generated by reaction on 
Cl) is estimated by difference. The degassing profiles of 
38
Ar for the two samples (fig. 5(b), (e)), suggest two dis-
tinct reservoirs hosting the isotopes of different origins. 
The first reservoir is easily degassed at P < 0.3 W (more 
than 90% 
38
Aratm was released in present case), and it 
hosts primarily 
38
Aratm. The second reservoir releases its 
significant amounts of 
38
Ar gas fraction at P > 0.3 W, and 
it hosts predominantly 
38
ArK and 
38
ArCl. It appears that the 
release of 
38
ArK requires a laser power slightly higher than 
that does 
38
ArCl.
 The degassing pattern of 
36
Ar mimics the 
40
Aratm
release curves (fig. 5(c), (f)), indicating the close behavior 
between these isotopes, and confirming that 
36
Ar is essen-
tially atmospheric. 
4  Discussion 
 The diffusion and retentivity of K and Ar within the 
hollandite-group minerals has been a matter of long de-
bated. Sreenivas and Roy
[19]
 proposed that the large tunnel 
structure, A site disordering, and partial occupancy of the 
tunnel sites lead to low activation energies for the A
cations, resulting in a high cation-exchange capacity for 
these minerals. According to these authors, high cation 
exchange would also imply potential loss of K and radio-
genic 
40
Ar*. On the other hand, Vicat et al.
[20]
 observed a 
superstructure along the c axis in synthetic hollandite that 
he interpreted as one-dimensional ordering of K cations in 
the partially filled A sites, following the sequences K-K-
ƶ-K-K-ƶ. Ordering of the A cations indicates restricted 
mobility of the cations along the tunnel direction, an im-
portant characteristic for the K and Ar retentivity of hol-
landite and cryptomelane. Restricted mobility of A cations 
has also been noticed by Sinclair et al.
[21]
 who identified 
the presence of square-shaped bottlenecks along the 
channels. These bottlenecks restrict cation motion and 
account for the high resistance to leaching presented by 
hollandite type structures
[21]
.
 Well-developed plateau ages and the internal con-
cordance between the plateau, integrated, isochron, and 
ideogram ages (fig. 4) imply the fact that the cation ex-
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during the geological history of the samples currently in-
vestigated. In the other words, the results indicate that 
supergene Mn oxides in this study host their radiogenic 
and nucleogenic gas fractions in a tight crystallographic 
reservoir (i.e. the tunnel sites) that has been closed since 
these oxide minerals were precipitated from weathering 
solutions. This has been further supported by the argon 
isotope release patterns (fig. 5). The large uncertainties of 
apparent ages in the first steps (fig. 4(a)ü(f)) resulted 
from the overwhelming amounts of atmospheric 
40
Ar that 
significantly dilutes the relatively smaller radiogenic and 
nucleogenic Ar fractions (table 1). More than 90% of this 
atmospheric component was released in the first three 
steps (P < 0.3 W), suggesting that the 
40
Aratm is either 
hosted in less retentive intercrystalline sites (fig. 1) in the 
mineral structures or adsorbed onto the crystal surfaces, a 
scenario evidenced by previous mineralogical and textural 
work
[22]
. The 
40
Ar/
36
Ar ratios ~295 (fig. 4(g)ü (h)) sub-
stantiate that (1) both the hollandite and cryptomelane do 
not host excess argon; and (2) isotopic exchange has not 
occurred since the minerals were exposed to the meteoric 
waters and the Earth’s surface. 
 A notorious problem in dating very-fined minerals 
using 
40
Ar/
39
Ar method is the loss or redistribution of 
39
ArK by recoil in the reactor or in the subsequent 
bake-out procedure preceding the isotopic analy- 
sis
[5,6,12,23,24]
. The recoiled 
39
ArK displaced from its original 
crystal sites may be completely lost to the surrounding 
atmosphere, loosely lodged in poorly retentive intercrys-
talline or damaged sites, or reimplanted/trapped into other 
intracrystalline sites in the mineral structures. If recoil 
occurred, and if the recoiled 
39
ArK were completely es-
caped out of the mineral structure, the initial heating steps 
would yield erroneously old apparent ages, and the sub-
sequent higher power steps should give rise to younger 
ages than the initial degassing steps
[24]
. In this case, the 
integrated ages are expected to be older than the corre-
sponding plateaus. If the recoiled 
39
Ar was reimplanted or 
trapped into less retentive sites (presumably the intercrys-
talline sites illustrated in fig. 1), the initial steps, although 
mostly atmospheric, contain radiogenic 
40
Ar* and recoiled 
39
Ar easily released from their implantation or trapping 
sites. An apparent age younger than the true age would be 
expected. With progressively increasing level of the laser 
power, 
40
Ar* is released from sites that has lost 
39
Ar by 
recoil, and apparent ages older than the true age for the 
sample will be obtained. At higher power values, the re-
tentive sites not subject to recoil loss and hosting signifi-
cant amounts of 
40
Ar* and 
39
Ar are degassed, a plateau 
age representing the true mineral age is obtained. How-
ever, this is not the case for our samples: well-behaved 
degassing steps that plot on a plateau, and the concor-
dance of plateau ages with the respective isochron ages, 
suggest no 
39
ArK is lost by recoil. Absence of recoil has 
also been demonstrated by the excellent match between 
the degassing behaviors of 
40
Ar* and 
39
ArK (fig. 5(b), (e), 
fig. 6(a)ü(b)). The only difference in radiogenic and nu-
cleogenic Ar release between Tabor99-07/01 and Ta-
bor99-15/02 is the released amounts of these two compo-
nents: the later released more 
40
Ar* and 
39
ArK than the 
former (fig. 6). This has resulted from the higher K con-
centration in the Tabor99-15/02 sample (fig. 3(a), (c)). 
Although the cumulative curves of % Ar gas released for 
40
Ar* and 
39
ArK are essentially similar, it is true that both 
samples released more 
40
Ar* in the first three (Ta-
bor99-07/01) or two (Tabor99-15/02) steps than the sub-
sequent step(s), forming a valley and peak in the left parts 
of the curves, respectively (fig. 6(a), (b)). We interpret 
this phenomenon as the occurrence of 
40
Ar* in some less 
retentive reservoirs relative to the tunnel sites, such as the 
intercrystalline sites, porous spaces, and crystal defects. 
 The atmospheric 
38
Ar and 
36
Ar behaved very simi-
larly to 
40
Aratm (fig. 5), confirmed by the close degassing 
patterns of these isotopes, and indicating that 
36
Ar is es-
sentially atmospheric, and that they are primarily hosted 
by less retentive crystal sites or adsorbed onto the crystal 
surface.
38
ArK and 
38
ArCl mimic 
40
Ar* as well as 
39
ArK, but 
38
ArK seems the most retentive compared to other radio-
genic and nucelogenic isotopes (fig. 5(b), (e)): the cause 
for this discrepancy is still undetermined, and worthy to 
be examined in the future studies. 
 Another discrepancy between these two samples is 
that Tabor99-15/02 sample requires higher laser power 
level for the same cumulative percentage of argon gas 
released (figs. 5 and 6). This has been possibly caused by 
the higher crystallinity of the cryptomelane minerals in 
this sample, as evidenced by petrographic and SEM 
observations.
5  Conclusions 
 Well-defined and reproducible apparent ages, and 
the consistence of plateau with the respective integrated 
and isochron ages, confirm that 
40
Ar/
39
Ar method is a 
promising approach in dating supergene manganese ox-
ides. 
40
Ar/
36
Ar ratios ~295 indicate that neither excess Ar 
nor Ar/K loss has occurred during the sample history. The 
samples release little radiogenic and nucelogenic Ar at the 
low range of laser power (0.2ü0.4 W). The high power 
release of 
40
Ar*, 
39
ArK,
38
ArK and 
38
ArCl, is likely corre-
lated to the degassing of very tight crystalline reservoirs 
(i.e. tunnel sites). Tiny gas fraction obtained by the high-
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est power level (>1.0 W) is related to the collapse of tun-
nel sites
[13]
.
 This study tells the specific range of laser power (0.4
ü1.0 W) most favorable for efficient separation of at-
mospheric Ar isotopes from the radiogenic and nucleo-
genic compartments, and thus for the extraction of mean-
ingful geochronological information useful in our under-
standing in the formation and evolution of weathering 
profiles. However, the design of laser power level during 
the isotopic analysis may be subjected to variation with 
the crystallinity, the crystal size, and the K contents of 
specific samples. 
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